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We introduce an active concept for ac ie(a'.ug acpustic metasurfaces with steerable

—~

reflection properties, effective over & wi r‘eﬁuency band. The proposed active

acoustic metasurface consists in aw atray of subwavelength loudspeakers di-
aphragms, each with programma lo individual active acoustic impedances allowing

}1} cf ction phases over the metasurface. The ac-

for local control over the di
tive control framework use controlling the reflection phase over the metasurface
is derived from the Acti ectroacoustic Resonator concept. Each unit-cell sim-

ply consists of a uﬁn#—dn n electrodynamic loudspeaker in a closed box, whose

acoustic impe at the diaphragm is judiciously adjusted by connecting an active

electrical co Ol/f}il"(}l . The control is known to achieve a wide variety of acoustic

impedan(&% uigle loudspeaker diaphragm used as an acoustic resonator, with
it

the p ksiw y tosshift its resonance frequency by more than one octave. The paper

nethodology for designing such active metasurface elements. An experi-
mern validation of the achieved individual reflection coeflicients is presented, and

full w{sve simulations present a few examples of achievable reflection properties, with

QPS s on the bandwidth of operation of the proposed control concept.
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31 Acoustic Metasurfaces (AMS) designate surface arrangements of subwavelength unit-cells
» that are engineered so as to artificially reshape wavefronts out of an impinging sound pres-
13 sure field, owing to a prescribed variation of local acoustic prope%s. They are essentially

u envisaged as interfaces with exogenous propagating media, whereas Acoustic Metamaterials

35 (AMM) rather refer to wave manipulations within the artiﬁci\iuml (although connec-
&

2,3).

s tion with an external medium are also envisaged in Lea Antenna applications

s Metasurfaces can then be designed to reflect wavefron §MHomalous manner (“re-

_—
s flectarray”), with potential application to acoustic gloaking®; or for sound transmission

% manipulation (“transmit-array”)® with applicatgto aceustic lensing. They can also be

w0 applied to sound chanelling”® and sound absofption®. ‘)
? -
a re

n The manipulation of acoustic Wavefror)(Q';\

22 tributing the phase of the reflection co dewfer the metasurface. Several concepts have

ctarray is achieved by adequately dis-

s been investigated to artificially con QJ%he flection phase of a unit-cell, while remaining

s small with respect to the Wavelen% ital acoustic unit-cells have been proposed, allowing
r

s lengthening the acoustic pathf throug abyrinthine-type channel inside the unit-cell®!°.

s Helmholtz resonators are also obviQus solutions, since their resonance frequency can be tuned

s by tailoring their cavi aﬁ\seck dimensions. By selecting gradually varying Helmholtz

s Tesonances, the reflegfion c ient phase can be adjusted to a target distribution!'2. Al-

. / . . . .
s ternatively, mer?b’ran pefacoustic metasurfaces have been proposed achieving acoustic

tj.ﬁs\&t{er

so impedance gr y adequate spacing between membranes'3, or by adapting the

51 membrane th sses?. Such passive AMS concepts have been thoroughly investigated to

52 derive deSign guidelines and assess their performance mostly at a computational stage. Some

s studids have réported practical realization of acoustic metasurfaces. Besides the application

Bﬁsed on stacked coupled Helmholtz resonators, that allows achieving controllable

54 tQ 1 11) a recent paper of Jimenez et al'? reports the design of an acoustic meta-
S

55 ace
56 %}ﬂi iffusion for use in room acoustics. Meanwhile, passive AMS suffer from drastic lim-
s7 itations: they are inherently narrow-band at a prescribed frequency due to their resonant
ss  behaviour™, and they cannot be reconfigured in real-time. Since the properties of the
behaviour!4, and th t b fi d i 1-ti Since th ties of the AMS

so are fixed by design (geometry and material properties), it makes passive AMS concepts irrel-

s evant to most practical acoustic problems, with respect to bandwidth and reconfigurability.
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cepts, such as piezoelectric membranes with dedicated feedback-control units, allowing for
real time reconfiguration of a metamaterial slab to achieve prescribed lensing properties!®
Alternatively, an active acoustic metasurface (AAMS) concept implementing a spatial ar-

rangement of unit-cells, composed of a membrane with an attache%nagnetic mass actuated

by an electromagnetic transducer, has been proposed to allow r tlo econfigurability'6

Although the literature on active acoustic metasurfaces ma dresses reconfigurability
%Nes

aspects, the possibility to extend the control bandwidth

Ks

The concept of Active Electroacoustic Reso a A?R firstly developed for achieving

investigated, due to

a lack of stable broadband active control concepts.

broadband sound absorption in the low-frequeney range'”2°, may represent an interest-

ing solution to this problem by providir%{\ngdl stable and/or broadband unit-cell for

AAMS applications? 23, The control sg’hs{l??h-work in such AER assigns a target acoustic

impedance to the diaphragm of the }tyn\t\—

based impedance control®®. Wit \%f chniques, a same Electroacoustic Resonator can
e

riven loudspeaker, through a sensor-/shunt-
of resonance frequencies or quality factors, through

be dynamically tuned to a W{d\ > ,
a somehow simple control law. Singe the manipulation of wavefronts at the heart of the

1@1} prescribed acoustic impedances to the unit-cells, and since

AMS concept require

it can be achieved o a Jroadhand manner with AER, it is expected to overcome the usual

limitations (eg. Ka%

In thisypaper, the concept of an AAMS composed of a 2D arrangement of subwavelength

of the passive AMS concepts reported so far in the literature.

AER fs introdieéd aiming at achieving broadband and steerable (reconfigurable) anomalous

The first section reminds the general properties of the proposed AMS framework,
with a fo}us on the control parameters over the metasurface allowing the reflection direction
‘R’r>a \glven incident plane wave. In the second section, the AER concept is presented. Then
a‘methodology is introduced that sets unit-cells controllers in order to achieve the prescribed
reflection properties, followed by an experimental validation of the achieved acoustic proper-
ties. Finally, a few examples of reflectarray settings will be discussed, based on simulations

with a commercial finite-elements software (COMSOL Multiphysics).

3
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A. Description of the proposed Acoustic Metasurface

The proposed AMS consists of subwavelength unit-cells spatially arranged over a planar
lattice (over the “horizontal” plane zOy), aiming at controlling tkg

\%:d wavefronts for
any arbitrary incident plane waves. The subwavelength condifion fimposées that the lattice

constant dg; < ’\’fﬁ, where Ao = fco is the wavelengthycor
max

working frequency finee, with cg = 343 m.s™! the soun Ce@ty ithe air. We denote the

sponding to the upper

T
reflection coefficient by I'(z,y) at each point (x,y) oyérhe AMS, and its phase by ¥ (zx,y).
Any incident [respectively reflected] plane wave will b Chargcterized in the following by its

-

wave-vector k; (cos(¢;),sin(¢;),cos(6;)) [respecti@ ke cos(¢y),sin(¢,),cos(6,))], where ¢;
[respectively ¢,] is the azimuth over the AMS plage atj
the incident [respectively reflected] plane M%e\ct .
According to Ref.?, in order to pres&%@wave—vector k, of the reflected wave for a
at g1

given wave-vector k; of the incident

Vib(z,y) should satisfy: \\ ~
Y

- — —f (sinb,.cosp, + sinb;coso;) , (1a)
X Co

i (sinb,sing, + sinbd;sing;) . (1b)

These con LS,N also be formulated for a discrete arrangement of subwavelength
0

0; [respectively 6,] the elevation of

ven frequency f, the reflection phase gradient

Q>

V.

consider the 2D arrangement of small identical circular pistons of radius

T4 over AMS
regul@e ver directions z and y with a same lattice constant d; = 2r4, so that the

ane as illustrated in Figure 1. In this configuration, we consider the

c 'eacb disk is located at (z',yy) with p* = (m — 1) dq+ xo and y§ = (n— 1) dg + yo,
a (xo,%) the position of the first cell of the lattice. The subwavelength conditions then

Tﬁyc&zs that 74 < 557—, which corresponds to a maximum disk radius of about 34 mm at

fm
500 Hz.

Each disk, denoted by the couple (m,n) over the x and y axes should then present the

following reflection phase:
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tion over the AMS.

YY) = — Q;T—f(Qrd) [m(sind.cosp, + sin
0

N e

—n(sinb,sing, + sinb;sing;)) [ o,

2

where 1) is the arbitrary phase reference within the (fowinstance the phase of the cen-

tral unit-cell). Lastly, besides the disk array presenti the})rescribed reflection coefficient

phase of Eq.2, the complementary surface is con 'dered)as 1deally absorbent.

N}

\

B. Membrane resonator unit-cel

Let’s now derive the expression o b reflection coefficient presented by each (passive)
w of generality, we will denote, in this section, the
frequency-dependent acoustic 1%(}6 Z,(w) and reflection coefficient I'(w) of each vi-

circular piston of radius r4. Eor t

brating disk, regardless

P48 _position (m,n) within the metasurface. In the remainder of

the paper, we will con$ide ‘tlball unit-cells over the metasurface present the same baseline

(passive) acoustic edan;a «(w), that can be modified by control afterwards. The as-

signment of a p SW ce- (and frequency-) dependent impedance over the metasurface
sec. IV.

will be detailed i

In the{lowArequency range we may model the small vibrating pistons of Figure 1 as
singlefdegree-of-freedom resonators with mass M,,, suspended on their surrounding through
a (213 ic suspension of mechanical compliance C,,,, whose losses can be accounted for as a

global m'schanical resistance R,,s. The acoustic impedance® of each disk then reads:

NI

1
Za =7 Mas Ras - 3
(@) = oMo+ Rus —— ®)

where M, = MS—’;S, R, = RS—’T, Cus = CsSq and Sy = ﬂrfl is the disk area.

The mechanical resonator can also be described by the normalized acoustic resistance ry,
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R(IS
Z.’

re = (4a)

1
o M,.C.,’

1 M, /
QS - ~ <4C>
Ras Cas 5
133 where Z. = pgcg is the characteristic impedance of the airfan = 1.2 kg.m~? the mass
134 density of the air. ‘)

fs (4b)

The reflection coeflicient, under normal incidence 0f.a onator of impedance Z,(w) is

defined as: T'(w) = Z2&)—Ze ~ According to Eq.3, it ca then?e derived as:

Za (‘U)+ZC

2
) e (-5)-2

135 Thie inspecti {Of Eq. 6 shows that the proper selection of the mechanical resonator
136 P ranngsL( mssBms,Cms) (or (s, f5,@s)) allows adjusting the reflection phase spanning at
137 a give§ frequency. However, the achievable phase range over a given frequency bandwidth
138 W 7 depending on the resonator characteristics, especially its quality factor and loss
1o fagtor, namely the value of r,. In particular, the achievable phase range is limited to less than
w  [-5,5] for g > 1, which disqualifies such values for spanning the whole unit circle. Therefore,

w1 the design of the resonators array is constrained by the selection of (), and r,. In Appendix

w2 A, we demonstrate that two important criteria must be considered: first, the mechanical

6
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Publishirgistance should be chosen so that ry < 1, for example R,,, = %Sch, in order to allow

s the reflection phase varying linearly within the broadest frequency band, while spanning a
115 wide range of values within [0, 27]; secondly, the resonator quality factor @, should neither
us be too high, since the assumption of linear phase is valid over a limited frequency band

17 only, nor too low since the phase variation may not cover sufficient zélues within one octave.

us  Therefore, the following mechanical resonator values will be co idsre ig the following:
7.8 \
Ry = d, ‘)"“'--. (7a)
3
Qs = 6. ) (7b)

149 The metasurface illustrated in Figure 1 could be }%retlcaﬂy achieved by properly de-
150 signing discrete passive mechanical reson o%?j\%’tmg the reflection phase grating of Eq.
151 2 at least over one octave around a desi eac%ﬁal requency fo. For that, we could tune the
12 resonance frequency of each unit-cel n value f™" so that their individual reflection
153 phase at f; matches the one tar ete Eq 2, with the constraints of Eq. 7. However,
15« it is impossible to ensure in e uch variations of mechanical resistance, resonance
155 frequency and quality factor ove hole M x N unit-cells.

156 Instead, we propose zﬁh\s acoustic impedance control strategy to adjust the acoustical

157 properties of the uni —c?}ls ong the metasurface. Indeed, it appears to be a more elegant

158 manner than pas ive construCtion, potentially allowing for full reconfigurability over a broad

150 bandwidth (a

ea St ver one octave). In this paper, the proposed unit-cell concept is

0 realized with assubwavelength Active Electroacoustic Resonator (AER) concept. The control

161 principle“gongists it actively tuning the different AER with indices (m,n) to the target

162 Tesondnce freq ncies f", with a view to shifting their reflection phases arg(I'(fo)) at fo to
163 1be values ¢™", with a constrained resistance and quality factor. The latter should
164 €gUTE tP}at the targeted phase grating still holds true over a sufficiently wide frequency band
165 W\e y one octave around fy), assuming a linear phase variation around fy, according to
166 endix A. This means the parameters varied by control should be the passive acoustic
167 mass M,s and compliance C,; (supposedly the same over the metasurface without control),
s with a resistance set to %Z c for all cells. The following section presents this concept and its

1o application to the acoustic metasurface.

=N
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FIG. 2. Description of the AER concept.

w III. ACTIVE ELECTROACOUSTIC UNIT-CELLS
i A. Acoustic impedance control principle /

172 Active Electroacoustic Resonators (AER) designate acoustic es?ﬁator hat can be tuned

17-19 A

13 or modified through electroacoustic control schemes especially be achieved

s with a control scheme, employing a conventional closed- x‘éectr ynamic loudspeaker di-
s aphragm, the acoustic impedance of which can be contglle t};?)‘ﬁgh a microphone sensing
e the total sound pressure p; in front of the dlaphragm contr§ller characterized by the trans-
w7 fer function ©(w) and a transconductance amph 11 ustrated in Figure 2. The volume
s of free air in the enclosure is denoted Vj, and t \d&peaker diaphragm is assimilated to a
o single-degree of freedom mechanical reso th parameters (M,,s,Rms,Cme), where Ch,.
1o accounts both for the free compliance("%\ the additional compliance due to the vol-

111 ume of compressible air V}, inside t %5 We can as well define the corresponding

182 acoustic resonator parameters C,e), as in section IIB. Last, the electrodynamic
183 force factor Bl designates th I&V@}Qon coefficient of the loudspeaker driver.

184 If we denote Z,s(w) = ]wh\ s the ‘passive” acoustical impedance of the
15 closed-box loudspeaker Ud-7\>he dlaphragm Velo<31ty, and i(w) = O(w)ps(w) the electrical
186 current circulating rO}gh loudspeaker coil, then the electroacoustic dynamics of the
;7 AER can be des be thé frequency domain as:

188

Zo)us) =) (1- 5000 )

189 The ac acgnstic impedance Z, achieved at the loudspeaker diaphragm by the control

-ﬁ
190 can b@de ived from Eq. 8 as'®:
ﬁ
191 Z (w) = pt(w) == ZQS(W) (9)
3 ¢ Ud(w) 1— _@( )

w g

192 Thus, a target frequency-dependent acoustic impedance Z,(w) can be chosen, and as-

13 signed to the diaphragm if the controller is set to the target transfer function:

iZat@d) - Za5<w>
Bl Zat(w)

194 @t(w) = (10)


http://dx.doi.org/10.1063/1.5011380

Wideband PhanahledpetizcadelpedaopgonppicPMetahei face see the version of record.

AllP

PublishiBg Target acoustic impedance

196 Let us now chose the target acoustic impedance Z7"(w) of the (m,n) unit-cell of the
1w AMS as the one of a single-degree of freedom resonator, that eventually differs from
108 the passive loudspeaker diaphragm. For that, we will introducefadjustable coefficients
wo  (pupr(m,m),pr(m,n),uc(m,n)) that will apply to the mass, resisi:

Md compliance of
201 ZWM(w) = jwpn(m,n)Mgs + pr(m,n)Zg

-4 pctm,n)C.

22 where the new resonance frequency of this active acoustic resd?ator is fmn =

203 The controller transfer function should then be @0

20 each unit-cell (m,n), so that:

(11)

1
Vi (mmpc(mn)

(jw) Mas (par(m, n) \ m,n)Z. — Ras) + 1 #Tg;nn)
o O(w) = 24 i Y <”C C“) (12)

S,
Bl (Jw)?par (m \ wir(m, n)Ze + o
205 The control principle introduced a ?h*ge.u\d f Section II B then consists in identifying the

206 coefficient pair pp(m,n) and pe(m,m) (g (m,n) being fixed to 1/3) for each unit-cell (m,n)

207 of the AMS, allowing shiftingg\énance frequency from fs to a target (active) resonance
208 frequency f™", defined i ext Section. The next section introduces a methodology for

e n
%e aim of achieving desired anomalous reflection angle (¢,.,0,.)

20 for a given incidend® (d#0;), over at least one octave around a given central frequency fo.

/4

o TV. ACTQ\USTIC METASURFACE

2120 A Para etr ;ratlon of the Active Unit-Cells

200 setting these coefficients,

213 s1der an AMS consisting of an array of M x N small commercially-available
aa el trod?’wamlc loudspeaker (Monacor SPX-30M, whose Thiele-Small parameters of which
215 Bﬂsgi\ven in Table I). Their radius r4 &~ 32 mm limits the frequency range of operation as
216 tasurface unit-cells to fq.: = 500 Hz. Moreover, we will consider ¢, = ¢; = 0( mod ),

217 yielding an impedance grating only over the z dimension. Under this assumption, the space-

=

218 dependence along y collapses, and the acoustic impedance of each AER within a same row

=

20 m will be controlled to achieve the target reflection phase:

-

9
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221

222

223

224

225

226

227

228

229

230

231

232

234

235

236

237

238

239

240

241

242

27T fo
Co

V" (fo) = — (2rq)m(sind,. + sinb;) + ¥y (13)

The following presents a simple methodology to assign a target reflection angle 6, for a
given incident angle 6;, at a given central frequency fy, with a metag(rface of lattice constant
2ry. By using the control law of Eq. 12, the acoustic impedanc ach™anit-cell m over the
metasurface will be simply shifted in frequency so that the reflectign phase at f, matches a
target value ¢¥™( fy), following Eq. 13. -s\

We also impose the phase of the (M/2+1)™ cell 1p™/2+1( ]i) — 7,80 that the whole metasur-

face phases may vary within [-27;0]. Under these con itions,sth re exists only one frequency
f™ for which the phase of the reflection coefficienft of the /2+1)" cell matches the target
value ¢™: arg(DM/2+1(f™)) = o™ ( mod 27).

Figure 3, represents the reflection phase %{\L ) analytically computed in Matlab
with Eq.6, corresponding to the acous 1c&cda e of the (M/2+1)% cell ZM/ (W) de-

fined in Eq.11, with gy (M/241) = =1 and pur(M/2+1) = 1/3. The different
values of ¢ drawn as round ma rs re 3 are defined for an array size M = 32, for
the reflection case 0, = — 3 ssuming a linear phase variation of the reflection
coefficient I' around fjy, the targ stion phase arg(I'"(fy)) can be achieved at f, on cell

m by shifting the reson cquency of the m'" active AER by a value Af™ = f, — f™.
This is ﬁnally done ass

)-ic(m) = (]f—m) , (14

while presefvi ?’ne resonance quality factor (), = 6 and resistance R,s = %Zc, as explained
Eln lly, the coefficients can be identified as:

prlm) = 5 (15a)
1 1

Helm) = a0y o+ D in(m) (15b)

pne(m) = 2B _pR(m) (15¢)

27 Mgs (fo + Af™)
Then, the impedance of each cell within row m is assigned thanks to the individual

control law ©7"(w), as in Eq. 12. The methodology for designing the AMS can then be

10
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7t cell within a metasurface with M=32 rows,

Reflection phase to prescribe to the 1
computed for the case (¢; = —7.,0, = §), imposing a quality factor Qs=16 and resistance factor

pur = 1/3 (blue line). Identification of the target reflection phases (round markers) and corre-

sponding resonance shifts Af™ = fo — f™. /
FIG. 4. Blue circles: Achieved reflection coefficients at fy = 3®$M:32 rows (top:

amplitude; bottom: phases). Comparison to the targeted Values (bl dotted line).

23 summarized as follows:
244 5

25 1. choice of the target reflected angle 6, for a (21dent angle 0; (at frequency fo);

246 2. definition of the reflection phase grating V'a-the metasurface of lattice constant
247 2ry according to Eq.13; \

248 3. definition of the reflection phase re ‘ﬁt’eﬂtthe (M/2+1)t" cell such as arg(T™M/2+1(fy)) =

249 —;
250 4. identification of the resona k\ = fo— f™ for each cell over the metasurface,
251 so that arg(IM/2H1(fm f\i

252 5. identification of the.control parameters py(m), uc(m) and pg achieving such reso-
253 nance shift (Eq. ;

254 6. modification df the acoustic impedance of the m™ cell with the controller ©"(w) of
255 Eq.12.

256 Figure 4 0% an example of the reflection coefficient targeted at f; =343 Hz on each
27 cell m forgan array size M = 32, for the reflection case (6; = —7,0, = %). Figure 5 presents

2!

a1

s the bode raggs of the 32 reflection coefficients I'"(w) that can be achieved on the 32

2!

a

o cells of the ﬁg\{ analytically computed in Matlab from Eq. 5, with the target impedances
260 d d in Eq.11.

\i . 5. Rainbow-coloured lines: target reflection coefficients of the 32 unit-cells (from cell #1 in
blue to cell #32 in red) of the metasurface, for §; = —m/4 and 6, = /3 (top: amplitude, bottom:

phase), computed in Matlab with Eq.5. Comparison to the reflection coefficient of the passive

Electroacoustic Resonator (black lines).

11
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PUbIIShmg TABLE I. Measured Thiele-Small parameters of the MONACOR SPX-30M loudspeaker.

261

262

263

264

265

266

267

268

270

271

272

273

274

275

276

277

278

279

Parameter Symblol Value Unit
Effective piston area Sy 32 cm?
Mechanical mass M 3.17 / g
Mechanical resistance Ros 0.75 \ N.s.m™!
Mechanical compliance Cine 18440~ m.N—!
(with enclosure) \

Force factor B¢ Q&QZ N/A
Resonance frequency fs - 3 8 Hz
Quality factor Qs ( - 5.5

)
? -
Is

N
B. Experimental Assessment of th bﬁ@

The target reflection coefficients ha&?ﬁrogrammed on a unit-cell prototype, con-
sisting of a MONACOR SPX-30M lo eaker in a small wooden enclosure. The Thiele-
Small parameters® of the clo d—;ﬂ)%% peaker are estimated, following the methodology
proposed by Seifel et al.?®, in a%edance tube from two measurements of the acoustic
impedance at the diap agﬂ’(,\gst with the loudspeaker terminals in open circuit, and then

in short circuit (morgfdetailg arg provided in Ref.?”, pp. 50-52). The loudspeaker diaphragm

is excited by an ezége ﬁs syund source located at the other end of the duct with broadband
noise. The acoustic radiation impedance of the loudspeaker under test, which depends on the

environment, 1 Qlich it is located, has been taken into account in the acoustic impedance

T coefficient of the unit-cell prototype diaphragm, mounted in a custom-
de i ed;]ce tube, is assessed according to the two-microphones methods described in

I 105%1—2 standard?®. The transfer functions H;, between microphones 1 and 2 positions

WQ e tube are processed through a Multichannel Analyzer (Bruel & Kjaer Pulse Type

3160), and the reflection coefficient of the diaphragm can be derived.
On the Active Electroacoustic Resonator side, the total pressure p; used in the control is
sensed with a PCB 130D20 microphone, located at 5mm from the electroacoustic absorber

membrane and close to the lateral duct wall of the impedance tube as depicted in Fig.

12
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PUb|IShI.Hg . 6. Scheme of the experimental setup. The control implementation is depicted in the right-
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282

286

287

288
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291

292

299

300

301

hand side including the microphone, the digital controller and the transconductance amplifier.
FIG. 7. Rainbow-coloured dotted lines: measured achieved reflection coefficient (top: amplitude,

for §; = —mw/4 and 0, = 7/3). Comparison to the reflection coeffiéie

Electroacoustic Resonator (black dotted lines). \

6. Each transfer function ©7""(w) given by Eq.(12) a ‘c_l‘ applied to the corresponding

bottom: phase) of the 32 unit-cells (from cell #1 in blue to cell #32 diged) of the metasurface,
ﬁ;%ed on the passive

cell is discretized into an infinite impulse response filter usijlg the Tustin method, then is
implemented onto a real-time National Instrumeits Com RIO platform supporting field-
programmable gate array (FPGA) technology«The @age signal from the microphone is
then digitally converted at a sampling fre%:y ot 80 kHz thanks to an analog module NI

9215, and the output filtered signal u tls\:ifered by an analog module NI 9263. The
overall time delay of the controller ( SEFKGA /DAC) is equal to 20.6 ps. A voltage con-
trolled current source, involving an gglpxbased improved Howland current pump circuit
as illustrated in Fig.6, has t b(%k\

to properly drive the voice-coil aker in current. The details of the digital controller

uﬁdﬁ Ref.' and Ref.?” (pp. 57-58), and more information about

nted downstream the digital controller, so that

implementation can be

the stability and contfol limitations of the acoustic impedance control can be found in Ref.?”

(pp. 73-81). % y.

Figure 7 s
of the 32 con

ws the reflection coefficients measured on the unit-cell prototype, for each

ohettings. The results are compared to the passive reflection coefficient of

11. We can see that the targeted reflection coefficients are actually achieved with
the pfoposed anit-cell and control framework. Moreover, it is noticeable in this example
that th aséve resonance frequency is one octave lower than the highest active resonance

fr uenc§ of the 32 unit-cells, which shows the range of tunability of the control framework.

<

RESULTS AND DISCUSSION

Once the target reflection coefficients have been verified experimentally, the metasurface

is numerically modelled on a commercial Finite-Elements Software (COMSOL Multiphysics

13
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Publighing). The full-wave simulation is performed with the Pressure Acoustic (Frequency Domain)
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314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

physics, considering periodic conditions over the y axis, thus limiting the metasurface to a
single line of M = 32 circular disks of radius r4, regularly dispatched along the x axis (with

lattice constant 2r;). The considered propagating domain is then a half-cylinder (symmetry

axis along y) of radius L = 6 m (including a Perfectly Matched Layer), and height 2r4 (to

ensure the same lattice constant over y). Each lateral sides inder are assigned

assigned an acoustic impedance boundary condition, whic d as in Eq.11 considering

e
“Sound Hard Boundary” conditions. Each disk representi%;?ER on the xy plane is
e

‘éjn""‘b'he xy plane is considered

the control parameters of Eq.15, and the remaining_ar

perfectly absorbent (impedance matching condition). We alsesco sider a tetrahedral meshing

inside the propagating domain, with mesh size c@fspo ing to 6 nodes per wavelength at
450 Hz. A refinement of the mesh is also procéSE\iit Lt:}.) level of the metasurface elements,
nt

with an additional triangular meshing (refinewme " a factor 10 along x and y axes).

e 1 Pa. In this paper, we will consider the

wave vector (cos(6;),0,sin(6;)) andampli
incident plane wave fields impin t&?e’t&surf&ce with incident angle 6, = —Z rad, and

S
two reflection cases: \

e 0. = g rad, corres ing to an augmentation of the reflected angle,
e 0, =0rad, co@ g to a diminution of the reflected angle.
4

Figures 8 an Nesent the reflected sound pressure levels maps over the xz plane,
1

The “Background Pressure Field” is fi ll@ d to impose an incident plane wave with
rn%\\{

processed by ave simulations, for the two studied cases, at f =350 Hz. It can be seen

that the

oudtic impedance imposed on the metasurface unit-cells actually allows steering
the whvefrontssdward the prescribed angle. Since the reflection coefficient amplitude of the
whole tas}rface unit-cells range between 0.5 and 0.6 at f (as can be seen for example on

Figure 4} an expected attenuation of the reflected energy is observed.

w‘iéures 10 and 11 present the directivity of the metasurface, namely a polar representation

of\the normalized sound pressure levels (referred to the maximal value), processed by full-
wave simulations at a distance » =3 m from the metasurface center, for both reflection cases
(0, = % rad, and 6, = 0 rad) and at different frequencies (200 Hz - 250 Hz - 350 Hz and
400 Hz). First, the limited size of the AMS (2 meters long) with respect to the studied

14
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PUbIIShI'Hg . 8. Reflected sound pressure levels (dB re. 20 pPa) obtained by full-wave simulations with
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35

32x32 unit-cells, at f = 350 Hz, for 0; = f% rad. and 6, = g rad.

FIG. 9. Reflected sound pressure levels (dB re. 20 pPa) obtained by /f)ll—wave simulations with

32x32 unit-cells, at f = 350 Hz, for §; = —% rad. and 0, = 0 rad. \

wavelength explains the occurrence of side lobes. We can also\%“ that the beam widths

depend on frequency. Finally, it seems that the beam a@s --E.Lff uch more spread over

angles for the case 6, = % rad than the case ¢, = ) Tad, ich can be explained by the

fact that the 32 cells span a smaller range of reflecti phases over [—27m — 0] in the first

case. This could be alleviated by designing an Aﬂ&wiﬂj a higher number of unit-cells. But

in general, there is a good agreement beth aehieved directivities and the targeted
f

reflected angles, which confirm the effectivene e AER to achieve a coherent steering

over a relatively wide frequency band (alost-ene octave around 350 Hz).

<

VI. CONCLUSIONS \

We have proposed A tive%acoustic Resonators as unit-cells within an acoustic

metasurface, in a reflectagray application. The reflection properties have been derived to

define individual coftroldaws te assign to each AER unit-cells. The identified control settings

have been appli d& V/entional electrodynamic loudspeaker in a view to assessing the
feasibility of ?)arget

Wave si

reflection phases along a metasurface of 32 elements. Then Full-

ations _have been processed to simulate the achieved reflection properties with

the ta gete ontpol settings, showing the effectiveness of the concept for steering wavefronts
escribsd manner. Moreover, we have shown the effectiveness of the control over a
rélatively wide frequency band, opening the way to actual applications as reflectarray for
audible §ounds. Further developments should focus on designing an actual prototype of
<

FIG. 10. Reflection directivities (polar representation of reflected sound pressure levels in dB re-
ferred to the maximal value) obtained by full-wave simulations with 32x32 unit-cells, at frequencies

f = {250,300, 350, 400} Hz, for 6; = — ~ rad. and §, = ~ rad.
4 3

15
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PUbIIShI'Hg . 11. Reflection directivities (polar representation of reflected sound pressure levels in dB re-

351

352

353

354

355

356

357
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359

360

361

362

363

364

370

ferred to the maximal value) obtained by full-wave simulations with 32x32 unit-cells, at frequencies

£ = {250,300, 350,400} Hz, for 6; = —g rad. and 6, = 0 rad.
metasurface with a hardware allowing individually controlling 3

‘mt\ce}ls It is likely to
oc experimental setup

t phase over the meta-

demonstrate the actual performance of the concept, owing to

to be developed.

The proposed methodology for controlling the reflection c
surface is based on the assumption of a linear phase vafiation,‘eyer a large bandwidth around
the central frequency f.. This simplistic assumption 1 soméwow limiting, both in terms of
achievable reflection phases than in terms of accugaté p-})ase grating over the surface. Other
strategies, such as Ac-

methodologies based on more complex acoustic fmpédance control
tive Multiple-Degrees-Of-Freedom Electro &5\

procedure as proposed in Ref.?", could g\ improving the concept.
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Appendix A: {

on the choice of a passive resonator

e its resonance frequency ws = vme ' and quality factor Q, = (wsre)™!. The
369 T€ tiob coefficient I'(w) then reads:
\
[ w\?] w
-] )enr
W W
Mw) = < = (A1)
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PUb|IShI.EIg . 12. Bode diagram of the reflection coeflicient of a SDOF resonator, with constant quality
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FIG. 13. Bode diagram of the reflection coefficient of a SDOF resonator, with constant resistance

r=0.3 and varying quality factors (@ € [0.1,10]) \

he inspection of the

We first vary the values of the resistance r with a fixed¢quality factor Qs = 1 . The
bode diagram of the reflection coefficient is presented in éSJre

ality<factor, when r < 1, the

reflection coefficient shows that, for a unitary resonance
reflection coefficient spans the whole 27, whereas values of 73> yield smaller ranges of the
reflection coefficient phase. Therefore, the necess@o achiteve reflection phases spanning the

whole [0 — 27] range motivates the choice of a acoust@resistance lower than Z.. It is also

noticeable that, for values r ~ 1/3, the rw efficient phase variation varies linearly

with frequency on the broadest frequ ckd. Moreover, since the minimal reflection
&\Q

coefficient value for r = 1/3 is I' = 0. ight be timely to chose values of resistances

varying around this value for the(io nit=cells.

N

phase variation to the quality %as illustrated in Figure 13. For a low value of Qs
the reflection phase do m\i)lan a sufficiently wide range. For a high value of @)y, the

Then, if we set the resistance , we can assess the sensitivity of the reflection

phase variation is lipéar only gver a too narrow frequency band (an objective limit could
4
be one octave). Fhere is tyen a compromise to find between the different phase profiles

(eg. spanning ever whole trigonometric circle vs. bandwidth extension). Then, we have

chosen to set'n =/0.3 and @), = 6 to allow a wide range of reflection coefficient control over

at least dge oétave:

-
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f=350 Hz - Reflected Sound Pressure Levels Map (dB re. 20 pPa)
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